N-type voltage-gated calcium channels localize to presynaptic nerve terminals and mediate key events including synaptogenesis and neurotransmission. While several kinases have been implicated in the modulation of calcium channels, their impact on presynaptic functions remains unclear. Here we report that the N-type calcium channel is a substrate for cyclin-dependent kinase 5 (Cdk5). The poreforming a 1 subunit of the N-type calcium channel is phosphorylated in the C-terminal domain, and phosphorylation results in enhanced calcium influx due to increased channel open probability. Phosphorylation of the N-type calcium channel by Cdk5 facilitates neurotransmitter release and alters presynaptic plasticity by increasing the number of docked vesicles at the synaptic cleft. These effects are mediated by an altered interaction between N-type calcium channels and RIM1, which tethers presynaptic calcium channels to the active zone. Collectively, our results highlight a molecular mechanism by which N-type calcium channels are regulated by Cdk5 to affect presynaptic function.
SUMMARY
N-type voltage-gated calcium channels localize to presynaptic nerve terminals and mediate key events including synaptogenesis and neurotransmission. While several kinases have been implicated in the modulation of calcium channels, their impact on presynaptic functions remains unclear. Here we report that the N-type calcium channel is a substrate for cyclin-dependent kinase 5 (Cdk5). The poreforming a 1 subunit of the N-type calcium channel is phosphorylated in the C-terminal domain, and phosphorylation results in enhanced calcium influx due to increased channel open probability. Phosphorylation of the N-type calcium channel by Cdk5 facilitates neurotransmitter release and alters presynaptic plasticity by increasing the number of docked vesicles at the synaptic cleft. These effects are mediated by an altered interaction between N-type calcium channels and RIM1, which tethers presynaptic calcium channels to the active zone. Collectively, our results highlight a molecular mechanism by which N-type calcium channels are regulated by Cdk5 to affect presynaptic function.
INTRODUCTION
Calcium channels in the Ca V 2 voltage-gated calcium channel family are enriched in neurons and are composed of multiple subunits. The a 1B subunit encodes the pore-forming subunit of N-type calcium channels (Ca V 2.2) (Westenbroek et al., 1992) . In addition to their well-established roles in spinal nociception and neuropathic pain signaling mediated by Gbg G-protein subunits (Snutch, 2005) , N-type calcium channels contribute to synaptic transmission in the hippocampus (Catterall and Few, 2008) . Together with the P/Q-type calcium channels, these two major classes of presynaptic calcium channels are sufficient to account for synaptic transmission at the hippocampal CA3-CA1 synapse (Luebke et al., 1993; Wheeler et al., 1994) .
N-type calcium channels play a prominent role in neurotransmitter release and directly bind several key synaptic transmission proteins. The intracellular domain between the II-III loops of the Ca V 2.2 pore-forming a 1 subunit is known as the synaptic protein interaction (synprint) region (Sheng et al., 1994) . The synprint region binds syntaxin and synaptotagmin, two important components of the SNARE complex (Sheng et al., 1998) . Synaptic transmission at the presynaptic terminal involves calcium influx, which triggers vesicle fusion and exocytosis by the ''zippering'' of SNARE proteins with the plasma membrane (Jahn et al., 2003) . The synprint region of Ca V 2.2 is also a binding site for the active-zone protein RIM1 (Coppola et al., 2001) . RIM1 can interact with the b auxiliary subunit of P/Q-type calcium channels to suppress inactivation, allow calcium influx, and facilitate synaptic vesicle docking to the active zone (Kiyonaka et al., 2007) . Furthermore, RIM1 directly binds the C-terminal regions of the a 1 subunit of both N-and P/Q-type calcium channels, and it tethers these channels to presynaptic terminals in order to facilitate synchronous transmitter release (Han et al., 2011; Kaeser et al., 2011) . The interaction between N-type calcium channels and SNARE complex proteins is significant, because kinases, such as protein kinase C (PKC) and calcium calmodulin-dependent kinase II (CaMKII), phosphorylate the II-III loop of the calcium channel, which affects the N-type calcium channel interaction with various components of the SNARE complex and impacts neurotransmitter release (Yokoyama et al., 1997) . However, it remains unknown whether other kinases play a role in modulating N-type calcium channel function. Recently, the scaffolding molecule CASK, which contains a binding domain for N-type calcium channels, was identified as a cyclin-dependent kinase 5 (Cdk5) substrate (Samuels et al., 2007) . Upon phosphorylation by Cdk5, CASK increases its interaction with N-type calcium channels to regulate synaptogenesis.
Cdk5 is a proline-directed serine/threonine kinase that is highly expressed in postmitotic cells of the central nervous system and requires its binding partner, p35, for activity (Chae et al., 1997; Tsai et al., 1994) . Cdk5-mediated phosphorylations of a wide variety of substrates highlights its diverse roles in neuronal functions, including migration (Ohshima et al., 1996) , cytoskeletal dynamics (Fu et al., 2007) , synaptic vesicle cycle (Tan et al., 2003) , and synaptic plasticity (Guan et al., 2011) . Under excitotoxic conditions, calcium influx through the NMDA receptors activates the calcium-dependent protease calpain to cleave p35 to p25, which in turn hyperactivates Cdk5 (Lee et al., 2000; Patrick et al., 1999) . The Cdk5/p25 complex has been implicated in neurodegenerative diseases, including Alzheimer's disease (Su and Tsai, 2011) .
Recent evidence suggests that Cdk5 plays a critical role in regulating synapse formation (Cheung et al., 2007) and in synaptic scaling (Seeburg et al., 2008) . Additionally, Cdk5 is proposed to be a major regulator of neurotransmitter release by regulating the size of the synaptic vesicle pool (Kim and Ryan, 2010) , and it has also been implicated in the modification of synaptic connectivity and strength of hippocampal CA3 recurrent synapses (Mitra et al., 2011) . However, the Cdk5 substrates directly responsible for neurotransmitter release are still poorly understood. Cdk5 was previously demonstrated to phosphorylate an intracellular domain of presynaptic P/Q-type calcium channels (Tomizawa et al., 2002) . As a consequence of this phosphorylation event, neurotransmitter release is decreased due to the dissociation of P/Q-type calcium channels from the SNAP-25 and synaptotagmin complex.
Although several kinases have been implicated in phosphorylating and thereby affecting the binding of voltage-gated calcium channels to various synaptic proteins, no specific mechanisms have been elucidated by which a particular kinase regulates calcium channels to ultimately impact neurotransmitter release and presynaptic plasticity. Here we demonstrate that the N-type voltage-gated calcium channel, a major presynaptic calcium channel, is a Cdk5 substrate. Phosphorylation of the Ca V 2.2 pore-forming a 1 subunit by Cdk5 increases calcium influx by enhancing channel open probability and also facilitates neurotransmitter release. These events are mediated by an interaction between Ca V 2.2 and RIM1, which impacts vesicle docking at the active zone. Our results outline a mechanism by which Cdk5 regulates N-type calcium channels and affects presynaptic function.
RESULTS
The N-type Calcium Channel Is a Cdk5 Substrate To investigate whether the N-type calcium channel is a Cdk5 substrate, we cloned the intracellular domains of the Ca V 2.2 a 1 subunit into glutathione S-transferase (GST) fusion protein constructs for in vitro kinase assays ( Figure 1A ). Each purified GST-Ca V 2.2 protein fragment was incubated with an activated Cdk5/p25 protein complex along with radioactive [g32-P]ATP to assay the level of Cdk5 kinase activity ( Figure 1B) . Two GSTCa V 2.2 fusion protein fragments, the C-terminal 3 (CT 3, amino acids 1981-2120) and C-terminal 4 fragments (CT 4, amino acids 2121-2240) were consistently phosphorylated by Cdk5 (Figure 1C) . Mutagenesis of serine 2013 (S2013), a consensus Cdk5 site on the CT 3 fragment, to alanine abolished Cdk5 phosphorylation. However, several combinations of point mutations on the CT 4 fragment were insufficient to reduce Cdk5/p25 phosphorylation ( Figure S1 available online). Only mutagenesis of all seven putative Cdk5 phosphorylation sites on the CT 4 fragment resulted in undetectable phosphorylation levels ( Figure 1D ). These kinase assays identify the N-type calcium channel as a Cdk5 substrate.
The N-type Calcium Channel Is Phosphorylated by Cdk5 In Vivo To confirm phosphorylation of the N-type calcium channel, we generated and purified a phosphorylation-state-specific antibody to S2013, a well-conserved residue (Figure 2A ). The phospho-Ca V 2.2 antibody (pCa V 2.2) signal was robust when the CT 3 fragment, but not the CT 3 (S2013A) fragment, was coincubated with Cdk5/p25, indicating that the antibody was specific to S2013-phosphorylated Ca V 2.2 in vitro ( Figure S2 ). Furthermore, the pCa V 2.2 antibody signal was observed only in the presence of Cdk5/p35 in a cell line stably expressing the rat isoform of Ca V 2.2 (Lin et al., 2004) , and alkaline phosphatase (CIP) treatment abolished the signal ( Figure 2B ). Since S2013 is also conserved in P/Q-type calcium channels, we tested the specificity of the Cdk5-dependent S2013 phosphorylation by immunoprecipitation of brain lysates with an anti-Ca V 2.2 antibody, followed by immunoblotting for pCa V 2.2 in lysates of control and Cdk5 conditional knockout (cKO) mice (Guan et al., 2011) . We noted that pCa V 2.2 levels were significantly reduced in forebrain lysates of adult Cdk5 cKO mice, providing in vivo evidence that the N-type calcium channel is a Cdk5 substrate ( Figure 2C ).
Increased N-type Calcium Current Density as a Consequence of Cdk5-Mediated Phosphorylation To examine the functional significance of Cdk5-mediated phosphorylation of Ca V 2.2 on the biophysical properties of the channel, we conducted whole-cell recordings in heterologous tSA-201 cells transfected with either the full-length wild-type human Ca V 2.2 a 1 subunit (WT Ca V 2.2) or the phosphorylation mutant Ca V 2.2 a 1 subunit, in which all eight Cdk5 phosphorylation sites in the C-terminal region were abolished (8X Ca V 2.2), in addition to the obligatory b3 and a2d auxiliary subunit cDNAs. Using 5 mM barium as the charge carrier, we found that the expression of WT Ca V 2.2 elicited canonical voltage-gated N-type currents. The phosphorylation mutant 8X Ca V 2.2 expressed a current-density profile similar to that of WT Ca V 2.2. Remarkably, following coexpression with Cdk5/p35, the WT Ca V 2.2 peak current amplitude and current density were significantly increased compared to those of WT Ca V 2.2 alone (Figures 3A and 3B; Table S1 ). In contrast to WT Ca V 2.2 however, cells transfected with 8X Ca V 2.2 in the presence of Cdk5/p35 did not display an increase in N-type current density (Figures 3A and 3B) . In a cell line stably expressing the rat isoform of Ca V 2.2 (Lin et al., 2004) , phosphorylation of Ca V 2.2 by Cdk5/p35 also dramatically increased N-type current density, providing independent support that the increase in N-type current density is mediated by Cdk5 phosphorylation (Figures S3A and S3B ; Table  S2 ). There were no differences in activation kinetics or voltage dependence of activation between the WT Ca V 2.2 and 8X Ca V 2.2 channels in the presence or absence of Cdk5/p35 (Figures 3C , 3D, S3C, and S3D). In examining inactivation kinetics, cotransfection with Cdk5/p35 increased the WT Ca V 2.2 inactivation time constant at the first test potential; however, the presence of Cdk5/p35 did not affect the inactivation kinetics of the 8X Ca V 2.2 channel at three different test potentials (Figures 3E and S3E) . In steady-state inactivation (SSI) profiles, WT Ca V 2.2 demonstrated a greater availability of channels for opening in the presence of Cdk5/p35, as denoted by the rightward shift of the SSI curve ( Figures 3F and S3F ). Taken together, these data indicate that phosphorylation of Ca V 2.2 by Cdk5 increases the availability of calcium channels. Notably, there were no differences in SSIs at the holding potential at which N-type current density was measured (À100 mV), suggesting that differences in channel availability cannot account for the increased N-type current density mediated by Cdk5 phosphorylation. Voltage-gated calcium channels form heteromeric subunit complexes consisting of the pore-forming a 1 subunit and auxiliary b, a2d, and g subunits. (B) Diagram of the various GST fusion protein constructs. The intracellular domains spanning the entire Ca V 2.2 a 1 subunit were cloned into GST fusion protein constructs (GST-Ca V 2.2). (C) GST-Ca V 2.2 fragments were subjected to an in vitro kinase assay with purified Cdk5/p25. The C-terminal fragments 3 and 4 (CT 3 and CT 4) were phosphorylated by autoradiography (top). GST-Ca V 2.2 proteins expression as revealed by Coomassie staining (bottom). (D) Mutagenesis of the single Cdk5 consensus site on the CT 3 fragment (S2013A) abolished Cdk5 phosphorylation. A combination of serine/ threonine to alanine point mutations at Cdk5 phosphorylation sites dramatically decreased Cdk5/p25 phosphorylation of the CT 4 fragment. Sequential mutations were generated from the C terminus end (7X represents all the combination of seven phosphorylation mutations spanning CT 4). GST, negative control; FAK, positive control. See also Figure S1 .
Cdk5 Plays a Critical Role in
Regulating Channel Open Probability of Ca V 2.2 In addition to the effects of Cdk5/p35 on steady-state inactivation, we reasoned that a distinct mechanism must underlie the dramatic increase in Ca V 2.2 current density following Cdk5/p35-mediated phosphorylation. Previous reports have indicated a role for scaffolding proteins in the modulation of calcium channels and enhanced calcium influx due to increased channel surface expression (Brittain et al., 2009; Lai et al., 2005; Leenders et al., 2008) . Accordingly, we conducted cell-surface biotinylation assays to examine whether Cdk5/p35 increases Ca V 2.2 surface expression in our heterologous system. However, Ca V 2.2 surface expression was not upregulated by Cdk5/p35 in stable cell lines or after coexpression with WT Ca V 2.2 or 8X Ca V 2.2, indicating that altered channel surface expression was not responsible for the enhancement of the Ca V 2.2 current density by Cdk5/p35-mediated phosphorylation (Figures 4A and 4B; Table S3 ). We next assessed channel open probability (P o ) of Ca V 2.2 in the presence of Cdk5/p35 as previously described (Agler et al., 2005) . To obtain maximal channel open probability, P o , for each cell, the maximal ionic current conductance, G max ( Figure 4C ), was plotted as a function of the integral of the channel gating current at the reversal potential Q max ( Figure 4D ). Interestingly, Cdk5/p35-mediated phosphorylation of Ca V 2.2 increased the channel open probability, P o (Figures 4E and 4F) . Importantly, the Cdk5/p35-mediated increase in the WT Ca V 2.2 channel open probability was not observed in 8X Ca V 2.2.
To further determine whether the dramatic increase in Ca V 2.2 current density impacts Ca V 2.2 surface expression in primary neurons, we cloned the full-length WT Ca V 2.2 a 1 subunit or the 8X Ca V 2.2 a 1 subunit cDNA into a bicistronic herpes simplex virus (HSV) backbone that coexpresses green fluorescent protein (GFP) . In primary neurons, transduction with HSV yields about 90% GFP-positive cells after 24 hr ( Figure S4A ). Upon transduction of primary neurons with WT Ca V 2.2 or 8X Ca V 2.2 HSV, however, there were no alterations in Ca V 2.2 surface levels compared to neurons transduced with control GFP HSV ( Figure S4B ). Collectively, these data suggest that in addition to increased channel availability, Cdk5-mediated phosphorylation of Ca V 2.2 results in increased calcium influx due to enhanced channel open probability.
Altered Synaptic Properties in Neurons Expressing
Ca V 2.2 We predicted that Cdk5-mediated phosphorylation of Ca V 2.2 might play an important physiological role in Ca V 2.2-mediated neurotransmission. To test this hypothesis, whole-cell Ca V 2.2 currents were isolated in neurons transduced with HSV expressing control GFP, WT Ca V 2.2, or 8X Ca V 2.2. Consistent with our heterologous cell data, Cdk5-mediated phosphorylation of WT Ca V 2.2, but not 8X Ca V 2.2, increased neuronal Ca V 2.2 current density when compared to neurons expressing control GFP HSV ( Figure 5A ; Table S4 ). Furthermore, inhibition of Cdk5 activity using a dominant-negative Cdk5 (DNK5) HSV further reduced Ca V 2.2 current density ( Figure 5A ), suggesting that (B) Verification of the specificity of the phosphospecific antibody pCa V 2.2 in a stable cell line in the presence of Cdk5/p35. Upon phosphatase treatment, the pCa V 2.2 signal was abolished. (C) After immunoprecipitation with anti-Ca V 2.2 antibody, the pCa V 2.2 antibody was used to probe for phosphorylated N-type calcium channel signal. In the Cdk5 cKO brain lysates, phosphorylation was significantly decreased, indicating that the S2013 site of Ca V 2.2 is indeed an in vivo Cdk5 substrate. Right: Quantification of phosphorylation levels in Cdk5 cKO brain lysates. Normalized protein levels are shown, with n = 3 per condition. Control, 1.00 ± 0.14; Cdk5 cKO, 0.35 ± 0.02; **p < 0.01. Data are shown as the mean ± SEM. Statistical significance was calculated using Student's t test (*p < 0.05; **p < 0.01; ***p < 0.001). See also Figure S2 .
Cdk5 is the major kinase responsible for Ca V 2.2 phosphorylation and increased Ca V 2.2 current density. We also examined whether the P/Q-type calcium channel (Ca V 2.1), the other major presynaptic calcium channel in neurons, was affected by expression of WT Ca V 2.2 or 8X Ca V 2.2 HSV but found no differences in Ca V 2.1 current densities compared to those of neurons expressing GFP HSV ( Figure S5 ; Table S5 ). Ca V 2.1 current density was also unaffected by the expression of DNK5 HSV ( Figure S5 ).
We next measured miniature postsynaptic currents to determine whether Cdk5-mediated phosphorylation of Ca V 2.2 impacts neurotransmitter release. To obtain miniature excitatory and inhibitory postsynaptic currents (mEPSCs and mIPSCs), primary neurons at DIV13-15 were transduced with GFP, WT Ca V 2.2, or 8X Ca V 2.2 HSV, and recordings were conducted 24-48 hr later. In neurons expressing WT Ca V 2.2 HSV, compared to those expressing GFP HSV, we observed increased frequencies of both mEPSCs and mIPSCs, with no changes in current amplitude ( Figures 5B and 5C ). However, neither the miniature frequency nor the amplitude of neurons expressing 8X Ca V 2.2 HSV differed significantly from those of neurons expressing GFP HSV ( Figures 5B and 5C ). The increased frequency of the miniature currents strongly suggests that Cdk5-mediated phosphorylation of WT Ca V 2.2 modulates presynaptic function by enhancing vesicle release.
To explore the effects of expressing Ca V 2.2 in presynaptic terminals at a higher resolution, cultured neurons were transduced with HSV expressing GFP, WT Ca V 2.2, or 8X Ca V 2.2 and fixed for monolayer electron microscopy. Consistent with the notion that increased release probability is related to the size of the readily releasable vesicle pool (Dobrunz and Stevens, 1997; Murthy et al., 1997) , we found that the number of docked vesicles in the readily releasable pool was greater in the presynaptic terminals of neurons transduced with WT Ca V 2.2, but not 8X Ca V 2.2, HSV when compared to neurons transduced with GFP HSV ( Figure 5D ). These observations indicate that expression of WT Ca V 2.2 HSV in primary neurons facilitates neurotransmitter release due to an increased number of docked vesicles at the synaptic terminal.
In order to examine whether Ca V 2.2 localization itself might be affected by HSV expression, we performed immunocytochemistry and immunogold electron microscopy studies. Similar to previous reports (Maximov and Bezprozvanny, 2002) , and consistent with the increased frequency of mEPSCs and mIPSCs, expression of WT Ca V 2.2 HSV facilitated the synaptic localization of Ca V 2.2 ( Figure 5E ).While immunogoldlabeled Ca V 2.2 was associated with the presynaptic terminal in neurons expressing GFP HSV, neurons transduced with WT Ca V 2.2 HSV displayed higher colocalization of Ca V 2.2 to the presynaptic area ( Figure 5F ). The localization effects were not observed in neurons transduced with 8X Ca V 2.2 HSV, which displayed a similar profile to neurons expressing GFP HSV. Therefore, Cdk5-mediated phosphorylation of WT Ca V 2.2 HSV facilitates neurotransmitter release by affecting the number of (A) Cdk5 dramatically increased N-type current amplitude in cells expressing WT Ca V 2.2. Inward currents were evoked by 100 ms step depolarizations applied to test potentials between À55 mV and +55 mV from a holding potential of À100 mV. Peak current amplitudes were plotted on a current-voltage (I/V) curve. While cells expressing 8X Ca V 2.2 passed inward current at similar levels to WT Ca V 2.2, the presence of Cdk5/p35 failed to increase N-type current in cells expressing 8X Ca V 2.2. Scale bars, 50 nA, 20 ms. (B) Current density measurements were obtained by normalizing peak Ca V 2.2 current amplitude to cell capacitance. The current density of cells expressing WT Ca V 2.2 was significantly enhanced with coexpression of Cdk5/p35. Scale bars, 50 nA, 20 ms. (C) A voltage-step protocol was applied and fitted an exponential curve to the time point spanning the maximal inward calcium current to obtain time constants for channel activation. Lines were plotted from best-fit linear regression. Cdk5/p35 phosphorylation of WT Ca V 2.2 did not affect activation kinetics at any of the membrane potentials tested (5 mV, 10 mV, 15 mV). (D) Cdk5-mediated phosphorylation of Ca V 2.2 did not alter voltage dependence of activation. Cells were held at À100 mV, and tail currents from the test pulse were normalized to the largest tail current from each series. The normalized curves were fit by a single Boltzmann distribution I/I max = A2 + (A1 À A2)/(1 + exp((V m À V 1/2 )/d x )), with V 1/2 as the midpoint for half-maximal activation, A1 and A2 being the normalized amplitudes and d x the slope. (E) A long voltage-step protocol was applied and fitted to an exponential curve to the time point at the peak inward current toward the end of the protocol to obtain inactivation time constants. Coexpression of Cdk5/p35 increased inactivation kinetics of WT Ca V 2.2 at the test potential of 5 mV. (F) Cdk5-mediated phosphorylation of WT Ca V 2.2 affected the voltage-dependence of steady-state inactivation (SSI), a measure of the number of available channels at a given potential. Cells were held at À100 mV, and SSI values from the test pulse were normalized to the largest tail current. SSI curves were fitted by a single Boltzmann equation to calculate the membrane potential in which half of the channels are inactivated (V 1/2,inact ). The rightward shift of the SSI curve indicated that coexpression of Cdk5/p35 augmented the number of WT Ca V 2.2 channels available for opening. Data shown are the values (mean ± SEM) given in Table S1 . Statistical significance was calculated by one-way ANOVA (Bonferroni multiple comparison test) (*p < 0.05; **p < 0.01; ***p < 0.001). See also Figure S3 . docked vesicles and also by increasing Ca V 2.2 localization at the synapse.
Interactions between Ca V 2.2 and Active-Zone Proteins Are Affected by Cdk5 To gain additional insight into the molecular mechanisms underlying the effects of Cdk5-mediated N-type calcium channel phosphorylation on neurotransmitter release, we transduced primary hippocampal neurons at DIV13-15 with GFP, WT Ca V 2.2, or 8X Ca V 2.2 HSV. The associations between Ca V 2.2 and various presynaptic proteins involved in synaptic vesicle scaffolding or fusion were then examined using coimmunoprecipitation and immunoblotting after 24-48 hr in vitro. While the overall protein levels of multiple presynaptic components were unaltered, the binding of Ca V 2.2 to the active-zone protein RIM1 was significantly increased in neurons transduced with WT Ca V 2.2 HSV compared to neurons transduced with GFP HSV ( Figure 6A ; Table S6 ). Since RIM1 directly binds and tethers Table S3 . Statistical significance was calculated using a one-way ANOVA (Tukey's multiple comparison test) (*p < 0.05; **p < 0.01; ***p < 0.001). See also Figure S4. both Ca V 2.1 (P/Q-type) and Ca V 2.2 (N-type) channels to the synaptic cleft to facilitate synchronous neurotransmitter release , these results indicate that Cdk5-mediated phosphorylation of Ca V 2.2 may play a role in modulating Ca V 2.2 and RIM1 binding, thereby affecting vesicle docking and neurotransmitter release. We found that acute inhibition of Cdk5 by DNK5 HSV in primary neurons reduced the association between Ca V 2.2 and RIM1, providing further support that Cdk5-mediated phosphorylation of Ca V 2.2 regulates its association with RIM1 ( Figure S6A ; Table S7 ). Furthermore, in brain lysates from control and Cdk5 cKO mice, chronic Cdk5 depletion reduced the binding of Ca V 2.2 to RIM1, indicating that Cdk5 is necessary for maintaining the association between Ca V 2.2 and RIM1 ( Figure 6B ). We observed that Ca V 2.2 binding to Syntaxin1A in Cdk5 cKO lysates was also reduced. These data demonstrate that Cdk5-mediated phosphorylation of Ca V 2.2 is required for its interaction with RIM1 and other SNARE proteins.
Ca V 2.2 Phosphorylation by Cdk5 Affects Basal Synaptic Transmission and Alters Paired-Pulse Facilitation
Because Cdk5-mediated phosphorylation of Ca V 2.2 enhances miniature excitatory and inhibitory postsynaptic currents by
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The N-type Calcium Channel is a Cdk5 Substrate modulating presynaptic release probability, we reasoned that synaptic plasticity would also be affected. To address this hypothesis, we performed stereotaxic delivery of GFP, WT Ca V 2.2, or 8X Ca V 2.2 HSV into hippocampal area CA3 (Figure S6B) . In an additional set of experiments, WT Ca V 2.2 or 8X Ca V 2.2 HSV was coinjected with DNK5 HSV, and the results were compared to those from injection of WT Ca V 2.2 or 8X Ca V 2.2 HSV alone. Acute transverse hippocampal slices were prepared to assess various forms of synaptic plasticity at days 2-3 postinjection. A concentric bipolar electrode was placed in the stratum radiatum to stimulate the Schaffer collateral/ commissural pathway fibers, and field recordings were obtained from the dendritic region of hippocampal area CA1.
We first obtained input-output curves, and in contrast to slices expressing control GFP HSV, we discovered a significant enhancement of basal synaptic transmission in slices transduced with WT Ca V 2.2 HSV. This enhancement of basal synaptic transmission was not present in slices expressing 8X Ca V 2.2 HSV ( Figure 7A ; Table S8 ). Furthermore, the enhanced basal synaptic transmission observed in slices expressing WT Ca V 2.2 HSV alone was abolished in the presence of DNK5 HSV ( Figure S7A ; Table S9 ). We next examined paired-pulse facilitation (PPF), a form of short-term synaptic plasticity that predicts release probability (Zucker and Regehr, 2002) . Strikingly, the PPF ratios calculated at multiple intervals were significantly lower in slices expressing WT Ca V 2.2 HSV than in those expressing GFP HSV. The PPF ratios were not significantly different between slices expressing GFP HSV and 8X Ca V 2.2 HSV ( Figure 7B ). However, the reduction in PPF ratio observed in slices expressing WT Ca V 2.2 HSV alone was absent in slices coexpressing WT Ca V 2.2 and DNK5 HSV ( Figure S7B ). The results are consistent with the hypothesis that neurons transduced with WT Ca V 2.2 HSV have a higher release probability and indicate that the enhancement of synaptic transmission relies on the activity of Cdk5.
Cdk5-Mediated Phosphorylation of N-type Calcium Channels Impacts Presynaptic Plasticity
To explore whether Cdk5-mediated phosphorylation of Ca V 2.2 affects synaptic facilitation, another form of presynaptic plasticity, we applied different stimulus trains to the Schaffer collateral pathway. Synaptic facilitation did not differ between slices expressing GFP and 8X Ca V 2.2 HSV. As predicted for neurons with lower PPF, and therefore higher release probability, slices expressing WT Ca V 2.2 HSV exhibited a reduction in transient facilitation elicited during the stimulation (100 Hz at 0.5 mM [Ca 2+ ] o ) ( Figure 7C) . Moreover, the facilitation in slices expressing WT Ca V 2.2 HSV alone was absent when DNK5 HSV was coexpressed with WT Ca V 2.2 HSV, demonstrating the requirement of Cdk5 activity for Ca V 2.2-mediated synaptic facilitation ( Figure S7C ).
We next examined short-term synaptic plasticity elicited by high-frequency stimuli (HFS). Compared to slices transduced with GFP HSV, there was a strong reduction in the initial field excitatory postsynaptic potential (fEPSP) slope following HFS in slices transduced with WT Ca V 2.2 HSV ( Figure 7D ). There were no differences in initial fEPSP slope between slices expressing GFP and 8X Ca V 2.2 HSV. Early-phase long-term potentiation (LTP), measured at 30 min poststimulation, was also considerably reduced in slices expressing WT Ca V 2.2 HSV when compared to slices expressing GFP HSV ( Figure 7D) . However, the altered plasticity in slices expressing WT Ca V 2.2 HSV alone was not observed with coexpression of DNK5 HSV ( Figure S7D) . In all experiments, there were no significant differences in plasticity measurements between slices expressing 8X Ca V 2.2 HSV alone and slices coexpressing 8X Ca V 2.2 and DNK5 HSV (Figures S7A-S7D) . Collectively, these results demonstrate that Cdk5-mediated phosphorylation of WT Ca V 2.2 increases basal synaptic transmission and enhances presynaptic release probability, which in turn decreases synaptic facilitation and early-phase LTP.
DISCUSSION
Here we demonstrated that the N-type calcium channel is a Cdk5 substrate. Phosphorylation of Ca V 2.2 by Cdk5 significantly increased calcium-current density and channel open probability. We further showed that the interaction between Ca V 2.2 and RIM1 was modulated by Cdk5, which provided a molecular mechanism for the increased number of docked vesicles at the presynaptic terminal in neurons expressing Ca V 2.2. We also found presynaptic alterations in plasticity associated with Cdk5-mediated phosphorylation of Ca V 2.2 that included enhanced basal synaptic transmission, enhanced presynaptic release probability, and an overall reduction in shortterm facilitation. Importantly, these effects were not observed with the Cdk5 phosphorylation mutant 8X Ca V 2.2, either alone or in the presence of Cdk5. Taken together, these studies demonstrate a pivotal role for Cdk5-mediated posttranslational modifications of the N-type calcium channel in regulating presynaptic function, and they highlight the close interaction between kinases and calcium channels in neurons.
Protein Kinases that Impact Calcium Channel Function
While this study shows that Ca V 2.2 is a Cdk5 substrate, previous work has implicated several kinases in the modulation of voltage-gated calcium channels (Bannister et al., 2005) . The calcium-calmodulin kinase II (CaMKII) interacts with the P/Qtype calcium channel to facilitate transmitter release (Jiang et al., 2008) , and the glycogen synthase kinase (GSK3b) phosphorylates the P/Q-type calcium channel in the intracellular II-III loop (Zhu et al., 2010) to inhibit vesicle exocytosis by disrupting SNARE complex formation. Other kinases that target Ca V 2.2 include protein kinases A and C (PKA and PKC), and both PKA-and PKC-mediated phosphorylation of Ca V 2.2 inhibit Ca V 2.2 interaction with SNARE complexes (Yokoyama et al., 1997) . PKC-mediated phosphorylation of Ca V 2.2 also enhances N-type calcium current by reducing the G-protein inhibition of Ca V 2.2 (Swartz et al., 1993) . Furthermore, PKC phosphorylation of Ca V 2.2 in the I-II linker region reduces the inhibitory effect of the Gbg subunits on Ca V 2.2 (Zamponi et al., 1997) . Notably, the Ca V 2.2 N-terminus, together with the I-II region, plays a fundamental role in modulating Gbg inhibition (Agler et al., 2005) . Altogether, these results provide a complex representation of signaling pathways involving kinases, second messengers such as Gbg subunits, and synaptic release machinery such as SNARE proteins leading up to neurotransmitter release.
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Neuron 75, 675-687, August 23, 2012 ª2012 Elsevier Inc. 681 Figure 5 . Neurotransmitter Release Impacted by Cdk5-Mediated Phosphorylation of Ca V 2.2 (A) Current-voltage relationship of neurons expressing GFP, WT Ca V 2.2, 8X Ca V 2.2, or DNK5 HSV. Compared to Ca V 2.2-mediated current density in neurons expressing GFP, Cdk5-mediated phosphorylation of WT Ca V 2.2, but not 8X Ca V 2.2, enhanced Ca V 2.2 current density. However, expression of DNK5 HSV further reduced Ca V 2.2 current. (B) Sample traces (left) and quantification (right) of the frequency and amplitude of the miniature excitatory postsynaptic currents (mEPSCs). Compared to neurons expressing GFP HSV, the frequency of mEPSCs was increased in hippocampal neurons expressing WT Ca V 2.2 HSV. There were no significant differences in mEPSC amplitudes. Scale bars, 10 pA, 2 s.
The N-type Calcium Channel is a Cdk5 Substrate Pharmacological inhibition of Cdk5 using roscovitine was previously used to examine calcium channel function (Tomizawa et al., 2002) . However, in addition to inhibiting Cdk5, roscovitine is an inhibitor of cyclin-dependent kinases 1, 2, 5, and 7 (Bach et al., 2005) and also acts directly on calcium channels by binding to the extracellular domain of L-type calcium channels (Yarotskyy and Elmslie, 2007) . Furthermore, extracellular roscovitine application potentiates (P/Q-type) Ca V 2.1-mediated neurotransmitter release to slow deactivation kinetics (Yan et al., 2002) and increase the inactivation of Ca V 2.2 (Buraei et al., 2005) . This may account for the differences observed between our study and a previous study demonstrating fEPSP enhancement following roscovitine application on hippocampal slices, which preferentially affected P/Q-type calcium channels (Tomizawa et al., 2002) . Therefore, in our efforts to understand how Ca V 2.2 is regulated at the presynaptic terminal, we examined the regulation of Ca V 2.2 in the context of endogenous Cdk5 activity in neurons and inhibited Cdk5 with a dominant-negative Cdk5 virus rather than using roscovitine.
Regulation of Protein-Protein Interactions and Presynaptic Plasticity by Cdk5
Our findings also revealed a role for Cdk5-mediated phosphorylation of Ca V 2.2 in modulating the interactions of Ca V 2.2 with various active-zone proteins, including RIM1, to regulate neurotransmission and presynaptic plasticity. It was previously reported that RIM1 binds the auxiliary b subunit of both N-type and P/Q-type calcium channels to facilitate calcium influx and tether vesicles to the presynaptic terminal (Kiyonaka et al., 2007) . Intriguingly, RIM1 also further reduces the G-proteinmediated inhibition of Ca V 2.2, which subsequently contributes to a prolonged increase in calcium influx (Weiss et al., 2011) . As RIM1 is required for calcium-channel density and vesicle docking at the active zone of calyx of Held synapses and central synapses (Han et al., 2011; Kaeser et al., 2011) , our results are consistent with the notion that the Ca V 2.2 interaction with RIM1 allows for coordinated transmitter release, and we propose that this interaction is regulated in part by Cdk5-mediated phosphorylation of Ca V 2.2. Ca V 2.2 and RIM1 are both closely associated with other active-zone proteins and SNARE complexes. In this study, we examined the binding of Ca V 2.2 to a number of presynaptic proteins, and showed that RIM binding increased in neurons expressing WT Ca V 2.2 HSV. Several groups previously reported a direct interaction between RIM1, or the RIM1 binding protein (RIMBP), and Ca V 2.2 (Coppola et al., 2001; Hibino et al., 2002; Kaeser et al., 2011) . However, our results differ from other reports that RIM1 does not bind Ca V 2.2, even though both localize to the presynaptic terminal (Khanna et al., 2006 (Khanna et al., , 2007b . A possible explanation might be the previous use of an antibody targeting the synprint region of chicken Ca V 2.2 (Li et al., 2004) , even though one study was conducted on rat brain preparations (Khanna et al., 2007a) . The chicken synprint region shares only about 59% homology to the mouse and rat synprint regions, which share 88% homology with each other. Therefore, the different antibodies that were used might explain the discrepancies between our findings and those published previously.
Although we did not observe a decrease in Ca V 2.2 binding to Syntaxin1A in primary neurons, in contrast to our Cdk5 cKO samples, we hypothesize that acute manipulations differ from chronic Cdk5 knockdown in vivo, which may in turn directly or indirectly affect the interaction of Ca V 2.2 with various SNARE proteins to alter neurotransmission. We also cannot exclude the possibility that other kinases, such as PKA, may phosphorylate Ca V 2.2 at similar residues and promote similar functions. It is also possible that the b or a2d auxiliary subunits, which also modulate calcium channel function and have previously been shown to be regulated by phosphorylation (Viard et al., 2004) , are additional Cdk5 substrates that can modify Ca V 2.2 and SNARE protein interactions.
We demonstrated that Cdk5 impacts Ca V 2.2 channel availability and channel open probability. It will be intriguing to further elucidate how Cdk5-mediated phosphorylation of Ca V 2.2 may result in conformational alterations between the a 1 subunit and other channel subunits, or potentially with the pore-forming domain, to influence channel gating properties. In line with previous reports, overexpression of Ca V 2.2 did not affect the Ca V 2.1 (P/Q-type calcium channel) current (Cao and Tsien, 2010) . However, in our study, acute slices expressing WT Ca V 2.2 HSV exhibited decreased PPF, which is in agreement with some previous findings (Ahmed and Siegelbaum, 2009) but in contrast to others, in which no alterations in PPF were observed (Cao and Tsien, 2010) . This may be due to differences in Schaffer collateral field recordings versus single-cell recordings of dissociated hippocampal neurons. Thus, in future studies (C) Sample traces (left) and quantification (right) of the frequency and amplitude of the miniature inhibitory postsynaptic currents (mIPSCs). Compared to neurons expressing GFP HSV, the frequency of mIPSCs was increased in hippocampal neurons expressing WT Ca V 2.2 HSV. There were no significant differences in mIPSC amplitudes. Scale bars, 10 pA, 2 s. (D) Electron microscopy images from neurons transduced with GFP, WT Ca V 2.2, or 8X Ca V 2.2 HSV. Scale bar, 100 nm. Compared to neurons expressing GFP HSV, there was an increase in the number of docked vesicles in the presynaptic terminal of neurons expressing WT Ca V 2.2 HSV. There were no significant differences in vesicle properties of neurons expressing 8X Ca V 2.2 HSV when compared to neurons expressing GFP HSV. (E) Approximately five to seven HSV-transduced neurons (GFP-positive cells from HSV transduction; blue) per culture in three independent experiments were used to quantify the relative synaptic localization of Ca V 2.2 (red) by assessing its colocalization with presynaptic marker Synaptophysin (green). Compared to neurons expressing GFP HSV, expression of WT Ca V 2.2 HSV increased the synaptic colocalization of Ca V 2.2 and Synaptophysin. Right: quantification of synaptic levels. Scale bar, 5 mm. (F) Immunogold labeling for primary hippocampal neurons at DIV16 transduced with GFP, WT Ca V 2.2, or 8X Ca V 2.2 HSV. There was increased Ca V 2.2 localization to the presynaptic terminal in neurons expressing WT Ca V 2.2 HSV when compared to neurons expressing GFP HSV. Scale bar, 100 nm. Right: quantification of the immunogold labeling. Data shown are the values (mean ± SEM) given in Table S4 . Statistical significance was calculated using a one-way ANOVA (Tukey's multiple comparison test). (*p < 0.05; **p < 0.01; ***p < 0.001).
it will be important to further probe how Cdk5-mediated phosphorylation of Ca V 2.2 affects its contribution to excitatory postsynaptic currents. As Cdk5 and Ca V 2.2 are present in GABAergic interneurons (Poncer et al., 1997; Raki c et al., 2009) , it would also be interesting to determine whether Cdk5 differentially affects excitatory and inhibitory neurotransmission.
The Role of Cdk5 in Homeostatic Mechanisms
Combined with those of previous studies, our data suggest that both Ca V 2.2 and Cdk5 mediate presynaptic plasticity by regulating neurotransmitter release. Recent literature suggests that Cdk5 is a central regulator of synaptic homeostasis. Cdk5 activity is required for the downregulation of heightened synaptic activity via phosphorylation of the postsynaptic protein SPAR. This priming effect allows Polo-like kinase 2 to promote the degradation of SPAR during homeostatic scaling (Seeburg et al., 2008) . Cdk5 also serves as a control point for neurotransmission, as inhibition of Cdk5 activity by roscovitine results in access to the resting synaptic vesicle pool (Kim and Ryan, 2010) . Furthermore, Cdk5 activity is critical for the presynaptic adaptation of hippocampal CA3 recurrent circuitry under chronic inactivity, as it mediates reduced connectivity after silencing synapses but enhances synaptic strength of the remaining connections (Mitra et al., 2011) . Precisely how levels of Cdk5, and Cdk5/p35 activity, are regulated under physiological or excitotoxic conditions to impart its action on Ca V 2.2 in specific cell populations remains an exciting topic for future work, which may also reveal additional Ca V 2.2 binding partners, as well as Cdk5 substrates that play a vital role in synaptic homeostasis.
In summary, our data demonstrate a previously uncharacterized interaction between Ca V 2.2 and Cdk5 that results in a Cdk5-mediated increase in Ca V 2.2 current density, channel open probability, and altered Ca V 2.2 interaction with the activezone protein RIM1 to ultimately affect neurotransmission and plasticity by promoting vesicle docking and release. These findings provide a framework to examine how Ca V 2.2 is regulated in the context of endogenous Cdk5 activity. Given the significant implications of Cdk5 in synaptic homeostasis, a compelling question is how posttranslational modifications of Ca V 2.2 impact its interactions with other key presynaptic proteins involved in vesicle docking, neurotransmission, and plasticity.
EXPERIMENTAL PROCEDURES
In Vitro Kinase Assay GST vector alone or various GST-Ca V 2.2 intracellular fusion protein fragments were purified and incubated with purified p25/Cdk5 kinase (Cell Signaling Technology) in kinase buffer for 30 min at room temperature. The reaction was stopped with the addition of 2X sample buffer, separated by 10% SDS-PAGE polyacrylamide gels (Bio-Rad), stained with Coomassie blue (SimplyBlue Safestain, Invitrogen) and then dried prior to analysis by autoradiography.
Antibodies
To generate the phosphospecific antibody to S2013 in rat Ca V 2.2, a 13-amino-acid phosphorylated and nonphosphorylated peptide, NH2-QPAPNASPMKRSC-COOH, was synthesized and purified using high-performance liquid chromatography (Tufts Core Facility, Physiology Dept). The peptides were conjugated to KLH for polyclonal rabbit antibody production (Covance Research Products). Antisera were affinity purified and collected Table S6 . Statistical significance was calculated using a one-way ANOVA (Tukey's multiple comparison test, Bonferroni multiple comparison test) or Student's t test (*p < 0.05; **p < 0.01; ***p < 0.001). HSV exhibited an overall reduction in synaptic facilitation during the 100 Hz stimulus train when compared to slices expressing GFP HSV. Scale bars, 0.5 mV, 10 ms. Right: quantification of the short-term plasticity at various stimuli. (D) Representative traces and quantification before and after HFS induction. Compared to hippocampal slices expressing GFP HSV, the fEPSP slope was markedly decreased in slices expressing WT Ca V 2.2 HSV. In all plasticity measurements, there were no significant differences in synaptic properties between slices expressing GFP HSV alone and 8X Ca V 2.2 HSV. Scale bars, 0.5 mV, 10 ms. Right: quantification of the fEPSP slope immediately after HFS (5 min) and at the end of the 30 min period. Data shown are the values (mean ± SEM) given in Table S8 . Statistical significance was calculated using a one-way ANOVA (t test) (*p < 0.05; **p < 0.01; ***p < 0.001).
Neuron
The N-type Calcium Channel is a Cdk5 Substrate by 70%-90% with a 10 ms lag, and online leak correction was performed with a P/À4 protocol. Recordings were obtained at room temperature using an inverted fluorescent microscope (Zeiss). Data were acquired using the Axopatch 200B amplifier and analyzed with the pClamp10 and Origin8 software (Molecular Devices). For field excitatory postsynaptic potential (fEPSP) recordings, acute transverse hippocampal slices were prepared from mice transduced with GFP, WT Ca V 2.2 or 8X Ca V 2.2 HSV according to standard techniques. The brain was rapidly removed and transferred to a sucrose-based cutting solution, and hippocampal slices were obtained using a vibratome and placed in a chamber filled with ACSF for 1 hr prior to Schaffer collateral stimulation. Experiments were performed blind to the group of subjects. Sample traces represent fEPSPs at 1 min before (gray trace) and 30 min after (black trace) HFS. Bar graph: average slopes of fEPSP during the first 5 min after HFS or the last 5 min of recording (percentage of baseline response). Full details are available in the Supplemental Experimental Procedures.
Surface Biotinylation Assay
Surface biotinylation assay was conducted as essentially described according to the protocol (Thermo Scientific).
Biochemistry
Samples were lysed in RIPA buffer with protease and phosphatase inhibitors. Protein samples were quantified prior to immunoprecipitation and processed according to standard immunoblotting techniques.
Electron Microscopy
For electron microscopy experiments, DIV14-17 neurons were transduced with HSV containing either GFP, WT Ca V 2.2, or 8X Ca V 2.2 overnight. Cells were fixed, embedded, cut on a microtome, and picked up on copper grids.
Immunocytochemistry
Primary hippocampal neurons were fixed in 4% paraformaldehyde, permeabilized with Triton X-100, and blocked with BSA/PBS. After incubation with primary antibodies, coverslips were rinsed, incubated in secondary antibodies, and mounted for confocal microscopy.
Surgery and Viruses
Animals were group housed in the small animal facility at the Department of Brain and Cognitive Sciences of Massachusetts Institute of Technology (Cambridge, MA) and handled according to the protocols in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals. Eight-week old C57Bl/6J male mice were used for bilateral stereotaxic injections into hippocampal area CA3 (Jackson Labs). Detailed methods can be found in the Supplemental Experimental Procedures.
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